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HIGHLIGHTS 


•  A  modified  solid-state  reaction  method  with  in  situ  coating  process  is  investigated. 

•  The  ultra-high  speed  nano-pulverization  pretreatment  process  was  introduced. 

•  The  obtained  Li4Ti50i2  electrode  material  showed  high  surface  area  and  dispersion. 

•  The  treated  Li4Ti50i2  showed  excellent  electrochemical  performance. 
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Li4TisOi2  was  successfully  synthesized  by  a  modified  solid-state  reaction  method  with  an  in  situ  coating 
process.  The  powders  were  characterized  by  X-ray  diffraction,  BET  surface  area  and  scanning  electron 
microscopy.  Sub-micron  Li4TisOi2  oxides,  with  a  high  phase  purity  and  accurate  stoichiometry,  were 
obtained  after  calcination  at  800  °C  for  7  h.  The  pure  Li4TisOi2  electrode  material  showed  a  much  higher 
surface  area  and  specific  capacity  than  the  one  without  the  ultra-high  speed  nano-pulverization  pre¬ 
treatment  process.  Excellent  reversible  high-rate  capability  was  achieved  as  137  mAh  g-1  at  IOC, 
107  mAh  g-1  at  20C,  76  mAh  g-1  at  40C.  The  result  of  the  cycling  performance  showed  high  capacity 
retention  of  about  100%  for  all  charge/discharge  rates  after  10  cycles.  Electrochemical  impedance  spectra 
tests  demonstrated  that  the  lithium-ion  diffusivity  in  Li4TisOi2  was  improved  significantly  after  the 
pretreatment,  which  indicated  that  the  ultra-high  speed  nano-pulverization  treated  Li4TisOi2  with  high 
dispersion  and  smooth  particle  surface  would  be  a  promising  high-rate  anode  material  for  lithium-ion 
battery. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Nowadays,  the  spinel  Li4Ti50i2  has  been  considered  as  an 
alternative  candidate  for  the  anode  material  of  solid,  liquid  and  gel 
Li-ion  batteries  because  of  its  unique  characteristics,  such  as  good 
structural  stability  with  nearly  zero  strain  upon  the  intercalation / 
deintercalation  of  Li+,  a  flat  operating  potential  at  about  1.55  V  vs. 
Li+/Li  and  an  excellent  cycling  performance  1-6  .  Despite  these 
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advantages  mentioned  above,  however,  the  low  electrical  conduc¬ 
tivity  (10  9  S  cm-1)  and  Li-ion  diffusion  coefficient  of  LLfTisO^ 
results  in  poor  rate  capability  [7,8  .  Many  approaches  have  been 
developed  to  overcome  these  shortcomings  and  then  improve  the 
battery  performance,  including  reducing  the  particle  size  [9-11  , 
improving  the  electrical  conductivity  by  surface  modification 
[4,12-16  and  ion  doping  17-21  .  Among  these  methods,  reducing 
the  particle  size  is  one  of  the  most  effective  ways  to  increase  the 
contact  area  between  electrode  and  electrolyte,  and  also  to  shorten 
the  diffusion  length  of  lithium-ions  and  electrons. 

Li4Ti50i2  powders  are  mainly  prepared  by  a  conventional  solid- 
state  reaction  (SSR)  of  lithium  and  titanium  salts  followed  by  higher 
calcination  processes  between  800  and  1100  °C  [22-26],  which 
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would  introduce  several  disadvantages,  including  low  homogene¬ 
ity,  irregular  morphology,  large  particle  size  and  long  calcination 
time.  Besides,  it  is  difficult  to  reduce  the  particle  size  using  the  SSR 
method.  In  order  to  significantly  intensify  the  dispersion  and  sur¬ 
face  area  of  LLfTisO^  and  further  enhance  its  conductivity,  two 
methods  are  proposed:  (1)  improving  the  synthesis  route  to  get 
nano-particles,  including  adding  some  dispersing  agents  or  nano¬ 
filler  to  prevent  the  nanoparticles  aggregating  or  growth  [27,28  ; 
(2)  applying  the  mechanical  force  in  ultra-fine  grinding  to  induce 
the  chemical/physical  reaction  [1,29].  In  these  ways,  the  particle 
size  of  Li4Ti50i2  material  is  finally  reduced,  and  then  the  improved 
performance  of  the  electrode  at  a  high  charge/discharge  rate  is 
achieved. 

In  this  paper,  we  report  the  synthesis  of  sub-micron  sized  ma¬ 
terial  via  a  facile  in  situ  TiC^-I-hO  coating  process  by  applying  the 
mechanical  force  in  ultra-high  speed  nano-pulverization  assisted 
SSR  method  (USN-SSR).  The  precursors  were  then  sintered  at 
various  temperatures.  The  prepared  samples  using  SSR  and  USN- 
SSR  method  were  simultaneously  characterized  by  X-ray  diffrac¬ 
tion  (XRD),  BET  and  scanning  electron  microscopy  (SEM)  in  order  to 
examine  the  phase  structure,  the  specific  surface  area  and 
morphology  differences,  respectively.  The  electrochemical  perfor¬ 
mance  of  the  prepared  L^TisO^  electrode  materials  was  also 
investigated  by  a  half-cell  system. 

2.  Experimental 

Li4Ti50i2  was  successfully  synthesized  from  L^CCU  and  tetra- 
butyl  titanate  by  a  modified  solid-state  method.  Appropriate 
amounts  of  OP9,  HNO3,  L^CCU  and  ethanol  were  thoroughly  mixed, 
and  then  tetrabutyl  titanate  [Ti^HgO^,  TBT]  (the  mole  ratio  of  Li 
to  Ti  is  4.04:5)  was  slowly  introduced  using  a  dropper  with  the 
speed  of  5  mL  min-1.  OP9  was  first  dispersed  into  ethanol  to  form 
micelles.  Then  stir  in  L^CCU  and  TBT  until  evenly  dispersed.  To 
reduce  the  speed  of  the  TBT  hydrolysis,  HN03  was  added  to  this 
solution  prior  to  TBT’s  admission.  And  then  the  obtained  solution 
was  dispersed  in  agate  jar  and  well  mixed  by  ball  milling  using 
agate  balls.  The  milling  was  performed  in  air  at  400  rpm  rotational 
speed  for  10  h.  The  precursor  of  Ti02-xH20  (the  hydrolysis  product 
of  TBT)  coated  L^CCU  was  heated  at  80  °C  for  12  h  in  a  drying  oven. 
Finally,  it  was  sintered  at  800  °C  for  7  h  in  air  and  then  smashed  at 
Mach  1.5  for  1  h  by  USN  processing  equipment  (LXZ  Spraying  & 
Purification  Technology  Co.,  Ltd,  China)  to  prepare  the  porous 
LUTigO^.  Due  to  the  effect  of  centrifugal  force,  material  slams  the 
outer  limits  of  crushing  cavity  for  secondary  collisions,  and  then 
falls  into  the  pulverizer  to  continue  multiple  shear.  It  is  worth 
noting  that  USN  process  can  greatly  decrease  the  particle  size  while 
the  material’s  Mohs  hardness  is  less  than  4.0.  If  the  material’s  Mohs 
hardness  is  greater  than  4.0,  the  effect  of  USN  process  on  the  par¬ 
ticle  size  is  not  obvious.  However,  it  will  influence  the  materials 
microtopography,  such  as  the  good  particle  smoothness,  regulation, 
activation  and  dispers.  The  straightforward  synthesis  strategy  for 
Li4Ti50i2  is  schematically  depicted  in  Fig.  1. 

The  electrochemical  cells  consisted  of  Li  metal  as  the  anode, 
Li4Ti50i2  based  composite  as  the  cathode  and  1  M  solution  of  LiPF6 
dissolved  in  a  1:1  mixture  by  volume  of  ethylene  carbonate  (EC) 
and  dimethyl  carbonate  (DMC)  as  the  electrolyte.  Microporous 
polypropylene  sheet  (Celgard,  2400)  was  used  as  the  separator.  The 
working  electrode  was  fabricated  by  mixing  85:10:5  (w/w)  ratio  of 
Li4Ti50i2  active  material,  a  carbon  (acetylene  black)  electronic 
conductor  and  polyvinylidene  fluoride  (PVDF)  binder  in  N-methyl- 
2-pyrrolidinone  (NMP).  The  slurry  was  then  coated  on  the  copper 
foil  ( ~  10  pm)  current  collector  and  dried  under  vacuum  at  120  °C 
for  12  h.  The  next  step  was  to  compress  the  electrode  plate  and  then 
cut  it  to  many  small  plates  of  11  mm  diameter  (the  active  material  is 
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Fig.  1.  Schematic  illustration  of  the  formation  of  Li4Ti50i2  through  a  modified  solid- 
state  reaction  method  with  in  situ  coating  process  approach. 


about  1.7  mg).  The  cells  were  assembled  in  pure  argon  protected 
glove  box  in  which  water  content  was  kept  below  0.1  ppm. 

The  crystal  structures  of  the  fresh  LUT^O^  powders  were 
examined  by  XRD  using  a  Bruker  D8  advance  diffractometer  with 

o 

nickel  filtered  Cu  ka  radiation  (A  =  1.5418  A)  over  the  20  range  from 
10°  to  80°.  The  particle  morphology  was  observed  using  JEOL-6930 
scanning  electron  microscopy  (SEM).  The  specific  surface  area  of 
the  samples  was  determined  by  N2  adsorption  using  a  3H-2000 
specific  surface  area  instrument  (Beishide  Instrument- ST  Co.,  Ltd., 
Beijing,  China).  The  samples  were  treated  at  200  °C  for  3-5  h  in  a 
vacuum  to  remove  the  surface  adsorbed  species.  The  charge/ 
discharge  performance  of  the  cells  were  performed  over  the  po¬ 
tential  range  between  1.0  and  3.0  V  using  a  NEWARE  BTS  5  V-10  mA 
computer-controlled  Galvanostat  (Shenzhen,  China)  at  different 
rates  of  0.5-40C  at  room  temperature.  Electrochemical  impedance 
spectroscopy  (EIS)  was  carried  out  using  CHI660B  electrochemical 
workstation  (Shanghai  Chenhua  Instrument  Co.  Ltd.,  China)  in  the 
frequency  range  from  0.1  Hz  to  1  MHz.  All  the  cells  were  first 
shelving  at  open  circuit  voltage  state  for  10  h  at  25  °C. 


3.  Results  and  discussion 

3.2.  Powder  characterization 

To  verify  whether  the  in  situ  coating  process  of  amorphous 
Ti02  -xH20  coated  onto  L^CCU  can  prevent  intergranular  reunion 
among  the  LLjTisO^  particles,  TEM  was  carried  out  on  morphology 
of  the  precursor  powders.  It  is  well  known  that  the  product  of  TBT 
hydrolysis  is  Ti02  -xH20.  As  shown  in  Fig.  2,  the  Ti02  -xH20  sample 
exhibits  a  uniform  fine-colloidal  microstructure,  which  is  condu¬ 
cive  to  the  synthesis  of  LLfTigO^  fine  powders.  Fig.  2  also  shows  the 
spherical  LiCCU  powders  are  well  dispersed  into  the  body  of 
amorphous  Ti02  xH20.  Furthermore,  Ti02  xH20  coating  may  help 
inhibit  the  LEfT^O^  grain  growing  up  during  sintering. 
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Fig.  2.  TEM  images  of  the  obtained  the  precursor  of  Ti02  -xH20  coated  U2CO3. 


Then  the  X-ray  diffraction  pattern  of  the  synthesized  LUTisO^ 
samples  with  in  situ  coating  process  fired  at  different  temperatures 
are  shown  in  Fig.  3.  The  precursor  of  Ti02  -xH20  coated  Li2C03 
shows  an  amorphous  structure.  At  500  °C,  the  diffraction  peaks 
corresponding  to  the  intermediate  phase  anatase  Ti02,  some  im¬ 
purity  substances  and  spinel  Li4Ti50i2  phase  begin  to  appear.  It  also 
shows  the  intensity  of  the  diffraction  peaks  of  LUTisO^  phase  is 
gradually  enhanced  and  rutile  Ti02  phase  sharply  decreased  with 
increasing  the  firing  temperature  more  than  500  °C,  which  further 
indicates  the  crystallinity  and  grain  size  of  LLfTisO^  are  increasing 
with  the  increasing  of  the  calcination  temperatures.  Fig.  3  also 
shows  the  XRD  patterns  of  the  samples  before  and  after  USN 
treatment.  The  diffraction  peaks  of  two  investigated  samples  can  be 
indexed  in  the  Fd-3m  space  group  with  a  cubic  spinel  structure  and 
no  impurity  peaks,  indicating  that  the  USN  treatment  did  not 
change  the  sample’s  structural  characteristics.  However,  the  XRD 
peak  intensities  decrease  after  the  USN  treatment,  indicating  the 
relatively  poor  crystallinity  of  LUTisO^  after  USN  treatment.  This  is 
because  the  adjacent  atoms  bond  ruptured  and  the  strong  atomic 
bonding  force  released  under  mechanical  loading.  It  is  easy  to  be 
activated  in  spontaneously  formed  new  surface.  Thus,  the  increase 
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Fig.  3.  The  X-ray  diffraction  pattern  of  Li4Ti5Oi2  samples  calcined  at  different  tem¬ 
peratures  for  7  h  (A)  precursor  dried  at  120  °C,  (B)  500  °C,  (C)  600  °C,  (D)  700  °C,  (E) 
800  °C,  (F)  after  the  USN  processing. 


of  surface  energy  and  mechanical  activation  could  result  in  the 
spontaneous  restructuring  of  the  particle  surface  structure,  and 
then  lead  to  the  formation  of  some  amorphous  structure.  The  di¬ 
mensions  of  sub-micron  LLfTisO^  are  estimated  using  the  Scherrer 
formula  based  on  the  widths  of  the  major  diffraction  peaks 
observed  in  Fig.  3  while  the  firing  temperature  is  800  °C  for  7  h. 
Calculated  from  the  full  width  at  half  maximum  (FWHM)  of  the 
XRD  reflection  peaks,  the  grain  size  of  Li4Ti50i2  are  67  nm  (111), 
84  nm  (311),  107  nm  (400),  96  nm  (440),  respectively.  Furthermore, 
the  pure  phase  Li4Ti50i2  can  be  obtained  by  using  less  lithium 
source,  while  the  initial  mole  ratio  of  Li  toTi  is  4.04:5,  which  is  less 
than  the  other  reported  results  [21,30]. 

Although,  theoretically,  in  situ  coating  process  and  the  results  of 
calculation  based  on  Fig.  3  would  produce  smaller  grain  size  of 
Li4Ti50i2  powder,  however,  there  are  still  some  drawbacks  of  this 
method.  Some  Li4Ti50i2  particles  in  Fig.  4A  and  B  have  formed  large 
agglomerations  due  to  the  high  calcination  temperature.  On  the 
other  hand,  Fig.  4C  and  D  shows  that  Li4TisOi2  powders  after  the 
USN  retreating  have  high  dispersion  and  roundish  spherical 
structure.  Compared  with  the  above  sample  the  particles  have 
relatively  much  less  agglomerations.  This  feature  by  shearing  and 
tearing  the  pristine  powders  were  using  the  boron  carbide  grinding 
tool  with  very  high  speed  in  grinding  chamber  during  the  process. 
In  Fig.  4,  both  the  size  of  primary  particles  with  and  without  the 
USN  processing  is  fairly  small,  and  the  USN  processing  did  not 
result  in  significant  change  of  the  particles  size.  But,  powders 
derived  from  this  method  have  very  smooth  surface  and  high  sur¬ 
face  area.  The  specific  surface  area  of  Li4Ti50i2  samples  with  and 
without  the  pretreatment  are  3.4  m2  g-1  and  1.5  m2  g-1,  respec¬ 
tively.  As  we  know,  the  particle  size  of  commercial  electrode  ma¬ 
terials  is  mostly  controlled  in  the  sub-micron  range.  Therefore,  in 
order  to  keep  the  particle  size  of  Li4Ti50i2  in  the  original  sub¬ 
micron  range,  the  treating  time  is  strictly  controlled. 

Then,  dispersion  situation  of  particle  was  studied  by  comparing 
the  status  of  the  powder  deposition  in  suspension  after  the  ultra¬ 
sonic.  Fig.  5A  and  B  images  show  freshly  prepared  Li4TisOi2  pow¬ 
der’s  colloidal  suspensions  and  suspensions  aged  at  room 
temperature  for  5  days,  respectively,  “a”  represents  the  powder 
slurry  treated  with  USN,  “b”  represents  the  powder  slurry  without 
USN  processing.  After  the  ageing,  the  Li4TisOi2  powders  with  USN 
processing  did  not  display  obviously  sedimentation,  while  the 
original  Li4TisOi2  powders  separated  from  deionized  water.  The 
high  stability  of  the  treated  Li4TisOi2  powders  colloidal  suspension 
was  attributed  to  its  fine  particle  sizes  and  high  dispersion,  which 
contended  with  sedimentation  by  Brownian  motion.  Because  of  the 
high  degree  of  Li4Ti50i2  particles  aggregation,  Brownian  force  was 
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Fig.  4.  SEM  images  of  the  obtained  Li4Ti50i2  powders  without  (A&B)  and  with  (C&D)  the  pretreatment  of  USN  process. 


not  enough  to  prevent  sedimentation.  Under  these  conditions,  we 
successfully  obtained  smaller  particle  size  of  the  L^TisOn  electrode 
with  a  smooth  surface  which  may  introduce  more  active  sites  for 
the  charge  transfer  processes  and  further  reduce  the  diffusion 
resistance  of  Li-ion  and  electron,  thus  the  following  promotion  of 
the  battery’s  electrochemical  performance  could  be  expected. 

3.2.  Electrochemical  characterization 

It  is  well  known  that  the  performance  of  LLfTisO^  anode  is 
closely  related  to  the  grain  size,  particle  morphologies  and  crys¬ 
tallographic  structure.  To  clarify  the  influence  of  the  pretreatment 
process  of  USN  on  the  electrochemical  performance  of  the  LLfTisO^ 
prepared  by  a  solid-state  reaction  process  at  calcination  tempera¬ 
ture  of  800  °C  for  7  h,  multiple  electrochemical  tests  were  carried. 
To  investigate  the  rate  capability,  the  LLfTisO^  anode  with  the 
activated  process  has  been  tested  at  various  rates  from  1C  to  40C, 


Fig.  5.  The  state  of  suspension  (A)  at  the  beginning  and  (B)  after  standing  for  five  days. 


and  the  results  are  presented  in  Fig.  6.  The  discharge/charge  cycles 
were  taken  for  10  cycles  at  each  rate.  The  first  discharge  capacities 
reached  181,  178,  163,  137,  107  and  76  mAh  g-1  for  the  discharge 
rate  is  1C,  2C,  5C,  10C,  20C  and  40C,  respectively.  The  capacities 
gradually  drop  with  the  increasing  of  discharge/charge  rate, 
compared  with  other  LLjTisO^  electrode  materials  prepared  by 
solid-state  reaction  in  literature  [4,31-34],  as  shown  in  fable  1,  this 
Li4Ti50i2  material  possess  much  better  high-rate  performance.  This 
result  suggests  that  the  high  surface  area  and  dispersion  of 
LUTisO^  electrode  material  can  increase  the  Li-ion  extraction/ 
insertion  and  electronic  diffusion  rate  at  high  discharge/charge 
rate.  Fig.  6  also  shows  the  plateau  voltage  difference  between 
charge  and  discharge  is  20,  30, 40,  70, 110, 190  mV  at  the  rate  of  1C, 


Fig.  6.  Variation  of  the  discharge  capacities  of  the  800  °C  for  7  h  calcined  Li4Ti50i2 
with  the  cycle  voltage  from  1  to  3  V  at  different  discharge  rates  between  1C  and  40C. 
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Table  1 

The  first  discharge  capacities  of  Li4Ti50i2  materials  prepared  by  solid-state  reaction 
at  the  discharge/charge  rate  range  between  1C  and  40C  (“—’’means  no  data  in  related 
references). 


The  first  discharge  capacity  (mAh  g  at  different  rates 

1C 

2C 

5C 

10C 

20C 

40  C 

This  study 

181 

178 

163 

137 

107 

76 

Ref.4 

155 

144 

95 

70 

55 

37.5 

Ref.31 

164 

157 

146 

130 

— 

— 

Ref.32 

170 

160 

139 

112 

81 

52 

Ref.33 

152 

144 

123 

110 

93 

76 

Ref.34 

150 

146 

106 

88 

— 

— 

2C,  5C,  10,  20C,  40C,  respectively.  It  indicates  that  the  polarization 
increases  with  the  increasing  of  discharge/charge  rate. 

Fig.  7  shows  the  cyclical  behaviour  of  the  LUTisO^  sample 
before  and  after  the  pretreatment  of  USN  process  at  various  rates 
from  1C  to  40C  for  10  times.  Stable  capacities  are  observed  even  at  a 
high-rate  of  20C,  it  suggests  the  promising  application  of  the  USN 
pretreatment  of  nano  and  sub-micron  powders  are  suitable  for 
application  in  high-rate  rechargeable  Li-ion  battery.  Moreover,  the 
rate  capability  has  fluctuated  slightly  in  the  last  few  cycles  at  40C 
discharge  rate.  This  result  may  be  attributed  to  the  detachment  of 
electrode  powder  from  the  current  collector  of  the  copper  foil 
during  the  discharge/charge  processes.  Therefore,  to  further 
improve  the  stability  of  the  cell,  more  work  needs  to  be  done.  After 
10  cycles,  the  capacity  at  40C  remains  42%  of  that  at  1C  for  the 
pretreated  LLfTisO^  sample,  but  for  the  untreated  one  the  capacity 
is  only  about  16%. 

The  long  cycling  behaviour  of  the  cell  with  the  LLfTisO^  elec¬ 
trode  at  different  discharge/charge  rates  of  0.5C,  1C  and  2C  was 
further  carried  out.  For  each  stage,  the  process  was  taken  with  100 
cycles.  As  shown  in  Fig.  8,  the  stable  discharged  capacities  were 
observed  at  each  stage.  After  100  discharge/charge  cycles,  the 
discharge  capacity  was  178, 179  and  175  at  0.5C,  1C  and  2C,  which 
was  less  than  0.008%,  0.007%  and  0.01%  discharge  capacity  loss  of 
each  cycle,  respectively.  It  suggests  good  stability  of  the  synthesized 
sub-micron  Li4Ti50i2  from  the  modified  solid-state  reaction 
method  for  rechargeable  lithium  battery.  It’s  worth  noting  that  the 
discharge  capacity  of  LLfTisO^  was  slightly  higher  than  the  theo¬ 
retical  capacity  at  low  rates,  indicating  possible  lithium  residing  on 
surface/interface,  cavities  or  other  defects  in  the  anode  materials  in 
addition  to  the  regular  intercalation/deintercalation. 
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Fig.  8.  The  charge/discharge  curves  of  the  cells  at  0.5C,  1C  and  2C  rate  over  the  voltage 
range  of  1.0-3.0  V  for  100  cycles. 
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In  order  to  recognize  the  essence  of  the  electrode  process  kinetic 
behaviour  clearly,  electrochemical  impedance  spectroscopy  (EIS) 
measurements  were  carried  out  at  the  initial  voltage  at  room 
temperature.  Fig.  9  shows  the  Nyquist  plots  of  the  LLfTisO^  elec¬ 
trode  before  and  after  the  pretreatment  in  the  frequency  range  of 
100  kHz  to  0.1  Hz.  Both  Nyquist  plots  are  comprised  of  a  depressed 
semicircle  in  high-frequency  range  and  a  straight  line  in  the  fre¬ 
quency  range  below  2  Hz.  It  is  well  known  that  the  high-frequency 
semicircle  is  related  to  the  ohmic  resistance  of  the  cell  from  7!  axis 
interception.  The  high-to-medium  frequency  intercept  is  attributed 
to  the  contact  resistance,  polarization  resistance,  charge  transfer 
resistance  and  corresponding  capacitances.  The  oblique  line  at  the 
lower  frequency  range  indicates  the  Warburg  impedance  of  long- 
range  Li-ion  diffusion  through  the  LLfTisO^  electrode  [7,35  .  From 
Fig.  10,  we  can  obtain  the  value  of  the  Warburg  impedance  coeffi¬ 
cient  (<rw).  According  to  the  following  two  equations: 

Zre  —  Rs  +  Ret  "T  ® w '  k)  (1) 


Fig.  7.  The  cyclical  behaviour  of  the  Li4Ti50i2  samples  before  and  after  the  pretreat¬ 
ment  of  USN  process  at  various  rates  from  1C  to  40C  for  10  times. 


Fig.  9.  Impedance  spectra  of  the  half-cell  of  the  Li4Ti50i2  electrode  before  and  after  the 
pretreatment  in  the  frequency  range  of  100  kHz  to  0.1  Hz. 
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Fig.  10.  Relationship  between  real  impedance  with  the  low  frequencies  for  the 
Li4Ti50i2  electrode  before  and  after  the  pretreatment. 

D-05(J^c)2  <2> 

where  Rs  is  attributed  to  the  ohmic  resistance  of  the  electrolyte;  Rct 
indicates  the  charge  transfer  resistance  at  the  active  material 
interface;  w  is  angular  frequency  in  the  low  frequency  region;  D  is 
the  Li-ion  diffusion  coefficient;  R  is  the  gas  constant;  T  is  the  ab¬ 
solute  temperature;  F  is  the  Faraday’s  constant;  A  is  the  area  of  the 
electrode  surface;  C  is  the  molar  concentration  of  Li-ions,  the  D  can 
be  calculated. 

From  Table  2,  it  can  be  seen  that  the  Rct  for  the  pretreated  LLfTisO^ 
electrode  (sample  A,  Rs  =  2.25  Q,  Rct  =  185  Q)  is  much  smaller  than  the 
untreated  one  (sample  B,  Rs  =  2.34  Q,  Rct  =  249  Q).  This  result  in¬ 
dicates  that  the  charge  transfer  at  the  electrolyte/electrode  interface 
is  greatly  improved  after  the  pretreatment,  and  the  overall  cell  in¬ 
ternal  resistance  is  also  decreased.  Based  on  Eq.  (2),  the  larger  <7W,  the 
slower  Li-ion  diffusion  coefficient  in  the  bulk  electrode.  As  shown  in 
Table  1,  sample  A  has  much  higher  ion  conductivity  than  sample  B. 
This  should  be  ascribed  to  the  fact  that  sample  A  has  a  larger  surface 
area  and  less  particle  agglomerations  than  sample  B.  During  our 
experiment,  the  values  of  Rct  and  D  are  both  lower  than  the  untreated 
electrode  material,  which  is  in  agreement  with  the  excellent  elec¬ 
trochemical  performance  of  sub-micron  crystalline  LLfTisO^.  Thus, 
the  USN  process  is  a  promising  way  to  synthesise  the  high-rate  anode 
material  which  have  significantly  improved  electrochemical  perfor¬ 
mance  in  lithium-ion  battery. 

4.  Conclusions 

Sub-micron  LLfTisO^  material  has  been  successfully  synthe¬ 
sized  by  a  modified  solid-state  reaction  method  with  the  assistance 
of  a  USN  process.  The  products,  calcined  at  800  °C  for  7  h  with  the 
mole  ratio  of  Li/Ti  was  4.04:5,  showed  pure  phase  and  good  crys¬ 
tallinity  with  an  average  particle  size  of  ~350  nm.  This  synthesis 
approach  was  relatively  simple  and  effective  to  obtain  the  high 


Table  2 

EIS  simulation  parameters  of  Li4Ti50i2  samples  before  and  after  the  pretreatment  of 
the  USN  process  of  the  equivalent  circuit  correspond  to  the  initial  voltage  of  the  cells. 


Sample 

Rs(fi) 

Rct  (A) 

a  (Q  cm2  s  0-5 ) 

D  (cm2  s  ^ ) 

A  (After) 

2.25 

185 

23.2 

6.65E-13 

B  (Before) 

2.34 

249 

104.7 

3.26E-14 

dispersion  and  surface  area  material  in  the  sub-micron  range.  The 
electrochemical  performance  of  this  LLfTisO^  anode  material 
exhibited  excellent  discharge  capacity  of  178  and  76  mAh  g-1  at  2C 
and  40C  discharge  rate,  respectively,  and  the  discharge  capacity  at 
40C  remained  42%  of  that  at  1C  rate  after  10  cycles.  The  EIS  results 
demonstrate  that  the  electrode  performance  has  been  improved 
due  to  the  increasing  ion  conductivity.  Besides,  the  excellent  rate 
capability  and  cycling  performance  of  LLfTisO^  are  mainly  attrib¬ 
uted  to  the  micro  morphology  optimization.  It  indicates  that  the 
electrochemical  performance  of  LLfTisO^  exhibits  a  tendency  to 
increase  with  increasing  the  electrode  conductivity. 
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